Ctenodactylinae (gundis) is a clade of rodents that experienced, in Miocene time, their greatest diversification and widest distribution. They expanded from the Far East, their area of origin, to Africa, which they entered from what would become the Arabian Peninsula. Questions concerning the origin of African Ctenodactylinae persist essentially because of a poor fossil record from the Miocene of Afro-Arabia. However, recent excavations in the Late Miocene of Lebanon have yielded a key taxon for our understanding of these issues. Proafricanomys libanensis nov. gen. nov. sp. shares a variety of dental characters with both the most primitive and derived members of the subfamily. A cladistic analysis demonstrates that this species is the sister taxon to a clade encompassing all but one of the African ctenodactylines, plus a southern European species of obvious African extraction. As such, Proafricanomys provides the 'missing link' between the Asian and African gundis.
The Ctenodactylinae is a subgroup of the Ctenodactylidae (Ctenohystrica) that likely appeared around the Oligocene-Miocene boundary. These unique animals have since experienced a remarkable evolution involving both a shift in habitats (from moist to arid) and distribution (from Asia to Africa). Our understanding of the phylogenetic relationships within the clade has been recently much improved 1 . Further progresses will intimately rely on efforts to increase our knowledge of the fossil record of the group, which remains sporadic. Special focus on the Miocene and the Arabian Peninsula is critical in this respect as this is when and where the ctenodactylines migrated from the Eurasian plate. These rodents are currently known from a small number of Miocene sites on the Arabian Plate. The fossil localities of the Rotem Basin (MN 3-MN 4 transition equivalent, Early Miocene, ~18 Ma) in Israel, which have yielded an undescribed species of Sayimys 2 , are situated to the West of the Dead Sea Transform and, therefore, on the African plate. The slightly younger localities of the As-Sarrar region in Saudi Arabia (MN 5 equivalent, Early Miocene, ~16 Ma) have yielded Sayimys assarrarensis 3, 4 . Sayimys intermedius has been recorded from the site of Tayma (MN 5 equivalent, Middle Miocene, ~15 Ma), Saudi Arabia 3, 4 . The type locality of the latter species is Al Jadidah (MN 6 equivalent, Middle Miocene age, ~13 Ma), Saudi Arabia [3] [4] [5] . If this record may appear poor, it should be stressed that to date no Arabian Late Miocene site had yielded any ctenodactyline remains. The only localities of appropriate age, those of the Al Gharbia region, United Arab Emirates (MN 13 equivalent, Late Miocene, ~7 Ma), have produced rodents [6] [7] [8] [9] , but not any ctenodactylines. Given this background, we conducted extensive field prospecting in May-June of 2013 in the continental Late Miocene of Lebanon. Fossil mammals of this age were first reported in Lebanon more than half a century earlier 10 , but only the remains of the most common component (horses) were described in some detail 11 .
Our labour in Lebanon resulted in the unforeseen discovery of a variety of new fossil sites immediately to the East of the Dead Sea Transform (Yammouneh Fault). One of the localities has yielded vertebrate remains, mainly fishes, turtles, and crocodiles, but also micromammals, including the first Late Miocene ctenodactyline from the Arabian Plate. This site is situated close to the spring of Aïn-el-Daouk, immediately North-West of the town of Zahleh (Bekaa Valley, central Lebanon). It is a road cut whose stratigraphic sequence is presented in Fig. 1 . A bone fragment (which proved, after preparation, to be a large piece of turtle shell) protruding from a brown fossiliferous silty layer (numbered 3 in Fig. 1 ) prompted us to extract about 500 kg of rock and screenwash it in the field.
Dubertret and Vautrin 12 first attributed these deposits to the 'Pontian' (Messinian), but without paleontological support. The work of Haj-Chahine 13 seemed to confirm this age on the basis of the vertebrate content. However, the new taxon of ctenodactyline described below, together with the presence of Progonomys sp. at the same level, supports a correlation with either the European MN 10 or MN 11 (~9 Ma) (see discussion below). Layers yielding vertebrates are also exposed near Kafraya, some 25 km South-West of Aïn-el-Daouk (Zahleh) 10, 11, 14 . As a matter of fact, during Late Miocene time a considerable part of the Bekaa Valley was covered by a lake. Walley 15 informally termed the lacustrine deposits in Zahleh as the 'Zahleh Formation'.
The aim of the present work is to describe the ctenodactyline teeth uncovered at this locality and analyse the significance of this novel taxon. Etymology. The generic epithet is composed by the prefix pro-and Africanomys, indicating that this taxon is a possible forerunner of the latter genus. The specific name means 'from Lebanon'.
Results

Systematic
Holotype. left dp4 (Zahleh 13) ( Fig. 2A -C and Supplementary Figure S1 ), This and the paratype specimens are provisionally housed in the National Museum of Natural Sciences-CSIC in Madrid. They will be stored in the Lebanese University in Fanar upon completion of their study. Diagnosis. Ctenodactylinae with unilateraly semi-hypsodont cheek teeth. dp4 without metalophulid I but with well-developed anterolingually directed metalophulid II; protoconid very anteriorly located, nearly in contact with the isolated large anteroconid, and having a very elongated posterior arm; metaconid situated as in Sayimys spp. but joined with the metalophulid II instead of with the metalophulid I; lack of connection between the hypoconid and the posterolophid; lower molars with mesoflexid shorter but deeper than the metaflexid, with a well-developed posterolabial ledge, and lacking a constriction in the posterolophid; P4 with cusp-like anteroloph and high posteroloph with both labial and lingual extensions; upper molars in which anteroloph and protoloph tend to fuse after little wear; M3 posteriorly reduced. and Sayimys sivalensis in having metalophulid II on the dp4 and the mesoflexid shorter than the metaflexid on the lower molars. Differing from Sayimys baskini and Sayimys sivalensis in lacking metalophulid I on the dp4. Differing from Africanomys spp. in having the metaconid on the dp4 more posteriorly located, and from all but Africanomys cf. solignaci in having a distinct anteroconid and the metalophulid II anterolingually directed instead of anteriorly-oriented on the dp4. Distinct from Irhoudia, Pellegrinia, Felovia, Massoutiera, and Ctenodactylus, in being much less hypsodont, and from Irhoudia, Pellegrinia, and all living ctenodactylines in having anteroconid on the dp4 and a distinct metaflexus on the upper molars.
Description. dp4 (Zahleh 13)-The pattern of the dp4 is lophate. Its occlusal outline is subrectangular, elongate and narrow ( Fig. 2A -C, Supplementary Information S1). The broadened anteroconid is isolated. This specimen is of particular interest because it has a well-developed anteroconid and a metalophulid II but lacks the metalophulid I. The posterior position of the metalophulid II, which connects near the end of the posterior arm of the protoconid, determines the V-shape of the mesoflexid, which is shorter than the metaflexid. The absence of metalophulid I makes the anteroflexid (anterior valley) wide. The metaconid seems to be composed of two small fused cuspids and connects to the metalophulid II. The protoconid is smaller than the hypoconid. The former is very anteriorly located, nearly in contact with the anteroconid and has the posterior arm very elongated. The hypoconid is isolated from the posterolophid by a shallow incision. The ledge on the posterolabial side is weak. This tooth has no preserved roots. Lower molars-Unfortunately, two of the three lower molars available are broken. m1-2-One specimen (Zahleh 3, Fig. 2J ) has only its anterior side preserved, whereas only the posterior side is conserved in the other one (Zahleh 10, Fig. 2G -I). The m1-2 of Proafricanomys libanensis have a mesoflexid that is shorter than the metaflexid, a roughly transverse hypolophid, a long and unconstricted posterolophid, and a distinct low posterolabial cingulum. These teeth have no preserved roots.
m3-The single complete specimen is a right m3 ( Fig. 2D-F ). The outline of the occlusal surface of this tooth is posteriorly curved. The mesoflexid is much shorter and deeper than the metaflexid. The mesoflexid is shallower than the hypoflexid. The hypolophid is more oblique than in the m1-2 and is not exactly opposite the hypoflexid. The protoconid is larger and extends much more labially than the hypoconid. The posterolophid does not constrict before reaching the triangular wear surface of the hypoconid. This tooth shows a low and well-developed cingulum on its postero-labial side. It is larger than the m1-2. It has no preserved roots.
DP4-This tooth is smaller, much less high-crowned, and has the hypoflexus wider and the hypostria much shallower than on the upper molars. The single available DP4 is anteriorly broken (Zahleh 7, Fig. 3A -C) and it is not possible to see if the anteroloph is fused with the protoloph. The posteroloph is located near the metacone and a short (comma-shaped) metaloph connects distally the two structures. The protocone and hypocone are equally developed and connected by a short and straight endoloph. The roots of this tooth are not preserved.
P4-The occlusal outline of the P4 is nearly oval ( Fig. 3D, Supplementary Figure S2 ). The protocone is better developed than the paracone. The anteroloph is cusp-like and it is nearly in contact with the paracone on the anterolabial corner of the tooth. The better-developed posteroloph is tall and has both labial and lingual extensions. The anterolingual reentrant is shallower than the posterolingual one. This tooth has a single root.
M1-The occlusal outline of these teeth is subquadrate ( Fig. 3E-M) . The subequal protocone and hypocone are connected by a short and slightly oblique endoloph. The anteroloph and the protoloph are fused at a very early stage of wear and the paraflexus is absent in all specimens. The metaflexus is usually distinct, but it obliterates late in wear as the metaloph and the posteroloph fuse (Zahleh 26). These teeth have three roots (two labial and a lingual).
M2-The posteroloph of these teeth is more posteriorly directed than on the M1 (Figs 3N-R and 4A-F). The paraflexus is obliterated by wear about as rapidly as in the M1 and only the less worn specimen (Zahleh 24, Fig. 4A-C) shows a slight indentation along its anterolabial margin. Two specimens (Zahleh 27, Zahleh 22, Fig. 4G -L) have been tentatively identified as M2. These teeth are three-rooted.
M3-The posterior side of the tooth is reduced and, therefore, the hypocone is somewhat smaller than the protocone (Fig. 4M-O) . This tooth lacks the paraflexus and its metaflexus is reduced to a constriction on the posterolabial side of the tooth. The hypoflexus is anterolabially directed and the hypostriid is deep.
Comparisons. The main morphological differences between Proafricanomys and Africanomys spp. are found in the dp4, which in the former taxon shows the anteroconid, the metaconid more posteriorly located and the metalophulid II anterolingually directed instead of anteriorly oriented. Another important difference between the two taxa concerns the development of the metaflexus on the upper molars and permanent premolar. Thus, whereas both the paraflexus and metaflexus are obliterated very early in wear in Africanomys, Proafricanomys conserves a distinct metaflexus until an advanced degree of wear. Detailed comparisons with all taxa belonging to the genus Africanomys are available as online supplementary content (Supplementary Information 2).
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Cladistic analysis. The cladistic analysis including all valid species of Ctenodactylinae (as determined in López-Antoñanzas and Knoll 1 and subsequent works 16, 17 ) with less than 50% of missing data, has produced a single most parsimonious tree with a length of 85 and a relatively low degree of homoplasy (CI = 0.635; RI = 0.856).
Our results ( Fig. 5) show that Proafricanomys libanensis is more derived than Metasayimys curvidens but more basal than Africanomys cf. solignaci. According to our topology, the latter species does not belong to the genus Africanomys. This result is in agreement with the primitive morphology displayed by the cheek teeth of Africanomys cf. solignaci when compared with Africanomys spp. In fact, the morphology of Africanomys cf. solignaci recalls that of Proafricanomys. Indeed, the dp4 of Africanomys cf. solignaci has an anteroconid, the metaconid posteriorly located and the metalophulid II anterolingually directed instead of anteriorly oriented, and shows the metaflexus on the upper molars. It is likely that these two species will group as sister taxa when additional material will allow a more comprehensive scoring. Thus, Africanomys cf. solignaci is a potential second species of the genus Proafricanomys.
Our results also reveal that Metasayimys curvidens is intermediate in phylogenetic position between a Sayimys-grade group of ctenodactylines and Proafricanomys libanensis. Metasayimys is only one node up-tree with respect to Sayimys sivalensis. The morphology of Metasayimys soundly recalls that of Sayimys sivalensis, whereas it is quite different from that of Africanomys spp. For instance, Metasayimys curvidens has metalophulid I on the dp4: it is lost in the more derived Proafricanomys and Africanomys spp. In addition, Metasayimys curvidens has the posterior side of the M3 unreduced, whereas it is reduced in Proafricanomys and Africanomys.
Discussion
The evolution of the dp4 in the Ctenodactylinae is characterized by the loss of the anteroconid and the metalophulid I, the connection of the metaconid to the metalophulid II, the shift anteriorly of the metaconid and the protoconid, and the subsequent lengthening of the posterior arm of the protoconid (Fig. 6A-D) . The metalophulid I is lost prior to the disappearance of the anteroconid. The presence of the metalophulid I (6(0 → 1)) is a basal synapomorphy of Ctenodactylinae that is reversed (6 (1 → 0)) in the common ancestor of Proafricanomys and the more derived members of the group (Fig. 6A-D) . The presence of the anteroconid on the dp4 (7(0 → 1)) is a basal synapomorphy that is lost at the level of Africanomys. Africanomys and the more derived Ctenodactylinae share the synapomorphy of having this structure reversed (7(1 → 0)) ( Fig. 6D) . The loss of the anteroconid on the dp4 is a consequence of the shift of the metaconid anteriorly (8(1 → 2) ). Thus, Proafricanomys, which has already lost the metalophulid I, still maintain the anteroconid because even though the protoconid has already moved anteriorly, the metaconid is still lingually situated (8(1) ), near the entoconid (Fig. 6C) . The metaconid is connected to the metalophulid I (9(0 → 1)) in the most primitive ctenodactylines (Fig. 6A-B) . Proafricanomys and the more derived ctenodactylines share the synapomorphy of having the metaconid joined to the metalophulid II (9(1 → 0)) ( Fig. 6C-D) . Thus, the most derived Ctenodactylinae show to some extent a return to deciduous premolar morphology that is typical for primitive ctenodactylids.
With regard to the permanent premolars, the clade Africanomys spp. shares the synapomorphy of having a vestigial hypoconid (11(1 → 0) ), which is again a reversal. Unfortunately, the characters of the p4 are missing in Proafricanomys, Irhoudia, Pellegrinia, and all extant Ctenodactylinae but Pectinator spekei.
Proafricanomys and Africanomys are characterized by a wide open V-shaped mesoflexid that is clearly shorter than the metaflexid on the lower molars. The large sample of worn and unworn cheek teeth of Africanomys pulcher that we have examined allows correlation of this morphology with the presence of a metalophulid II that fuses with the metalophulid I very early through wear (15(0 → 1)). However, this character appears in the evolution of Ctenodactylinae long before the emergence of the first Proafricanomys and Africanomys and it is lost three times (in Sayimys intermedius, Sayimys sivalensis, and Irhoudia spp.+ more derived Ctenodactylinae).
The weakening of the posterolabial ledge (18(1 → 0) ) on the lower molars is an evolutionary reversal shared by all Ctenodactylinae more derived than Proafricanomys (Fig. 6F) . Proafricanomys is the most derived taxon that has a well-developed posterolabial ledge on the lower molars (Fig. 6E) .
On the DP4 and upper molars, reduction of the metaflexus and paraflexus very early in wear, and their subsequent loss, is another feature that characterizes the most derived members of the ctenodactylines ( Fig. 6G-H) . With regard to the DP4, Proafricanomys and Africanomys cf. solignaci are the most derived ctenodactylines that still have a well-developed metaflexus. Africanomys spp. and Irhoudia spp. have the metacone connected very labially to the posteroloph (or isolated from it) so that the metaflexus is much reduced (24(0 → 1)) and the most derived ctenodactylines lose it early in wear (24(1 → 2) ). The reduction and subsequent loss of the paraflexus and the metaflexus is evidenced earlier on the upper molars than on the DP4. In addition, the loss of the paraflexus preceeds that of the metaflexus. More specifically, the most primitive taxon with obliterated paraflexus (29(0 → 1)) is Sayimys baskini, whereas the most primitive species with obliterated metaflexus (31(0 → 1)) is Metasayimys curvidens.
An evolutionary trend toward a simplification of the morphology of the P4 is also characteristic of the Ctenodactylinae. However, this simplification starts prior to the appearance of Proafricanomys (Sayimys sivalensis + more derived ctenodactylines (26(0 → 1); 28(0 → 1)) and with Sayimys baskini + more derived ctenodactylines (27(0 → 1))).
Finally, the reduction of the posterior side of the M3 (34(0 → 1) ) is another synapomorphy shared by Sayimys nov. sp. from Israel 2 , Sayimys baskini, Sayimys sivalensis, Proafricanomys, Africanomys cf. solignaci, and Africanomys spp. This synapomorphy is then lost in Irhoudia spp.+ more derived ctenodactylines.
The discovery and phylogenetic analysis of Proafricanomys better defines the evolutionary history of Africanomys. Proafricanomys nov. gen. nov. sp. is the 'missing link' that sheds light on the transition from the paraphyletic 'Sayimys' to the clade Africanomys. This pivotal taxon shares a mosaic of characters with both the most primitive and more derived members of the subfamily. Thus, as in the most plesiomorphic ctenodactylines, the dp4 of Proafricanomys has a distinct anteroconid and the metaconid lingually located, near the entoconid and its lower molars show a well-developed posterolabial ledge. In addition, Proafricanomys shares with the most derived members of the subfamily the synapomorphic loss of the metalophulid I on the dp4 and the obliteration of the metaflexus early in wear on the upper molars.
As detailed above, the evolutionary stage of Proafricanomys is comparable to that of Africanomys cf. solignaci from Sheikh Abdallah (Egypt). As this latter taxon is Late Miocene (MN 9, ~11 Ma) in age 16 it is plausible that the layer horizon from which Proafricanomys libanensis comes is several million years older than previously thought, namely Tortonian rather than Messinian. This is corroborated by the co-occurrence of Progonomys sp., which is usually correlated with MN 10 and/or MN 11 18 . However, a detailed study of the entire micromammal fauna of the site is necessary before assessing its age with confidence.
Conclusion
The new species of ctenodactyline from the Late Miocene of Lebanon, Proafricanomys libanensis, is situated at a pivotal phylogenetic position between a paraphyletic group of Sayimys-like species and the more derived Africanomys. As such, it provides data unavailable so far regarding the expected dental morphology of the ancestor of the African ctenodactylines, including the crown group, but with the exception of Metasayimys curvidens. Although not from Africa or even the African plate, it is the sister-species of the clade composed of all but one of the ctenodactylines that have originated in Africa (no Asian species are present in this clade and Pellegrinia represents only a brief extra-African off-shoot). In other words, Proafricanomys libanensis may be seen as the most evolved of the non-African ctenodactylines. The phylogenetical position of Proafricanomys libanensis argues in favour of an independent origin for Africanomys and Metasayimys and sustains the hypothesis that this subfamily dispersed more than once from Asia into Africa.
The evolutionary stage and relationships of Proafricanomys libanensis suggest that the deposition of the 'Zahleh Formation' might have been initiated as early as the Tortonian, not the Messinian as currently believed. The discovery of Proafricanomys libanensis demonstrates how key to our understanding of mammalian phylogeographic history is continued field work in the large but often neglected Arabian Plate.
Methods
Specimens. We Island, Greece (THA91-01 to THA91-03, THA91-10 to THA91-14, THA91-21 to THA91-25, THA91-28 to THA91-31; THA93-26, THA93-27, THA93-04 to THA93-09; THA93-15 to THA93-20, THA93-32 to The new specimens have been described and compared with all the known species of Ctenodactylinae as established by López-Antoñanzas and Knoll 1 and a few erected subsequently [16] [17] . However, a detailed comparison is only carried out with the species considered as belonging to the genus Africanomys, the closest relatives to the new Lebanese taxon. First, second, and third lower molars are designated as m1, m2, and m3 respectively and first, second, and third upper molars as M1, M2, and M3. Lower and upper permanent premolars are designated as p4 and P4, respectively, and lower and upper deciduous premolars as dp4 and DP4. The terminology used in the tooth descriptions follows the rodent dental terminology of Baskin 19 and López-Antoñanzas and Knoll 1 . The occlusal measurements (greatest length and greatest width; Supplementary Table S1 ) of the teeth of the new taxon from Lebanon have been obtained with a Nikon digital counter CM-6S measuring device.The stratigraphical range of all the species of Ctenodactylinae mentioned in this work is summarized in Supplementary Table S2 .
Cladistic analysis. The cladistic analysis carried out in this work treated as ingroup all the valid species of Ctenodactylinae known to date. Karakoromys and Tataromys, basal ctenodactylid genera according to the phylogenetic analysis of Wang 20 and Vianey-Liaud et al. 17 are selected as outgroup. Recent works 21 have shown that numerous missing entries in a few taxa are most detrimental to a phylogenetic analysis as the information needed to place these taxa in the tree is depleted and, therefore, nodes are meant to collapse in the consensus tree. Accordingly, we have excluded from our analysis five taxa (Helanshania deserta, Sardomys antoniettae, Akzharomys mallos, Africanomys kettarati, and A. bahariyaensis with over 50% of missing data. A total of 34 phylogenetically informative dental characters have been coded (Supplementary Text S2). Of these, 17 characters are binary, whereas 17 are multistate. All the latter characters have two or three derived states. Owing to the lack of a priori information, all characters were unordered and equally weighted (Fitch optimality criterion). The data matrix (Supplementary Text S3) was built under Mesquite 2.6 22 and processed with TNT 23 with the 'traditional search' option (using TBR).
